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Phosphorus (P) in stormwater runoff has detrimental effects on water quality and
ecosystem health when it reaches surface waters and promotes algal blooms. Constructed
wetlands (CWs) have been utilized to combat this problem by containing stormwater and
removing excess nutrients. Including filter materials in the design of CWs has shown promise
for increasing their capacity for nutrient removal. This mesocosm scale study was conducted
outdoors over a 12-month period to evaluate the effectiveness of three filter materials in their
ability to adsorb phosphorus, retain water, and support plant life. The filter materials examined
were electric arc furnace (EAF) slag, engineered biochar, and sand. All treatments
demonstrated positive plant response and the ability to retain water. The EAF slag and biochar
removed significant amounts of P from effluent and appear to be suitable materials for
integrating into CW design. Sand was found to be ineffective as a P filter.
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CHAPTER I
INTRODUCTION
The goal of this research is to quantify the phosphate (P) removal ability, water holding
capacity, and plant response associated with engineered Douglas fir biochar, electric arc furnace
(EAF) slag, and sand in a mesocosm-scale (5-gallon capacity bucket) experiment. Data collected
will be utilized to propose a conceptual design for a treatment wetland utilizing these materials to
eliminate or reduce the amount of dissolved P in runoff from pastureland. Preventing excess P
from reaching adjacent surface waters will have a positive impact on water quality and
environmental health in downstream ecosystems. This paper is organized into the following
chapters: Literature Review, Methodology, Results, Discussion of Results, and Conclusions.
The Literature Review provides background information from previous research relating to the
effects of excess P in natural systems, the sources of P in runoff, the benefits of wetlands in
mitigating excess P in runoff, and phosphorus sorption materials (PSMs) that may increase the
effectiveness of wetlands in removing P from solution. The Methodology chapter describes the
site conditions, construction of the mesocosms, physical characteristics and sources of the
PSMs, field procedure for sample collection, laboratory procedure for sample analysis, and
statistical methods used to evaluate the laboratory data. The Results chapter details the statistical
significance of the data collected from the experiment concerning the P removal characteristics,
water retention capacity, and plant survival for each of the three treatments. The Discussion of
Results features a brief review of the purpose of the study, the benefits of wetlands and PSMs
1

that may enhance their effectiveness, an assessment of the methodology for field and laboratory
procedures, and concludes with a conceptual design for a P-filter constructed wetland using the
most effective materials in the study as determined by the data. The Conclusion of the paper
discusses the consistency of the results, provides suggestions for future research, and addresses
the three research questions:
-

How does engineered biochar, EAF slag and sand influence the concentration of
dissolved P in effluent over an eight-hour period?

-

What are the differences in water retention capacities of engineered biochar, EAF
slag, and sand?

-

What is the survival rate of one grass (Axonopus compressus, carpetgrass) and one
sedge (Carex cherokeensis, Cherokee sedge) planted in a 2” topsoil layer above the
three filter materials?

2

CHAPTER II
LITERATURE REVIEW
2.1

Introduction
Modern farming has made great advances in increasing the productivity of land and

providing food for the expanding human population. Increasing the nutrients available to crops
to increase yields by applying fertilizers is common practice. Excess nutrients from applying
these fertilizers and from animal agriculture systems can potentially be transported to streams
and surface water adjacent to agricultural land and promote detrimental algal blooms which can
lead to reduced water quality and have negative impacts on entire ecosystems (Penn & Bowen,
2018). Phosphorus (P) is one of the nutrients found in commercially available fertilizers and
animal waste and is an essential nutrient for all living things, but excess P in stormwater runoff
can promote these harmful algal blooms. Removing as much P as possible from agricultural
runoff before it can reach surface waters could greatly reduce or eliminate these algal blooms
and their effects on local and downstream ecosystems.
Constructed wetlands are increasingly being employed as low-energy use systems for the
treatment of agricultural runoff (Wang et al., 2018). These systems have proven capable of
removing some nutrients from agricultural runoff on their own (Boets et al., 2011), but the
addition of biochar (Tan et al., 2014) and steel arc furnace slag (Weber et al., 2007) as filter
layers shows promise for increasing their ability to remove P. Little to no research has been
conducted to determine the practicality of using these filter materials together in a field-scale
3

treatment wetland system. My study includes a mesocosm experiment in which biochar and slag
are individually layered between subsoil and topsoil in five-gallon buckets and tested for the
capacity to remove a known amount of P from water filtered through them. The data collected
from this trial is used to determine if these materials have the potential to be incorporated into a
field-scale constructed wetland as a filter layer, and what would result in the most effective
design.
2.2

Phosphorus
Phosphorus (P) is an essential element to all life on Earth. Phosphate groups are crucial

to our genetic code as the building blocks of RNA and DNA. Phosphorus bonds capture energy
within plants and animals to be stored for later use or to be transported to other areas of the
organism as needed. Phospholipid groups in cell membranes enable normal cell function and
regulate the movement of materials across the membrane and between organelles. Among the
necessary nutrients for plant growth, P is needed in the second highest concentration. Grain and
biomass production are not possible without the presence of P, and root and fruit development in
plants is greatly restricted when P is limiting (Penn & Bowen, 2018). Phosphorus is key to the
viability of all food systems, by ensuring soil fertility, maximizing crop yields, supporting
farmers economically and providing food security to people all over the world (Cordell et al.,
2011). Although P is vitally important to the survival of individual organisms and the
productivity of our farmland, it may also become a harmful pollutant if allowed to be transported
from agricultural-use land to adjacent streams and surface waters.
Human influence on the global phosphorus cycle has introduced nearly a billion tons of
the element from phosphate rock into the hydrosphere over the past half century. The input of P
on farmland at rates greater than the output has created P levels in soil that are more of an
4

environmental concern than an agronomic one in an increasing number of locales (Daniel et al.,
1998). Concern over the water pollution that has resulted from the massive redistribution of P
have been the main driver for sustainable and responsible phosphorus use (Cordell et al., 2011).
Nitrogen (N) and Carbon (C) are also essential to the growth of aquatic plants, but can exchange
between the water and the atmosphere, and some blue-green algae are able to fix atmospheric N.
This makes P the limiting element and puts more importance on reducing the amounts that reach
freshwater systems. Nitrogen is generally more important in controlling the productivity of
brackish and marine systems (Daniel et al., 1998).
As the most limiting factor for aquatic plant growth in freshwater, small additions of P
can have large impacts on ecosystems, economic activity, and human and animal health by
creating a state of eutrophication, where deoxygenated waters are unable to support life
(Gleissman, 1998 & 2001). Increasing the productivity of surface waters by the introduction of
P causes rapid growth of algae and aquatic weeds whose senescence and decomposition lead to
oxygen shortages. When algal blooms are present in a body of water the entire surface may
become covered and it becomes much less aesthetically appealing and discourages people from
visiting the site for recreational purposes. These blooms are also capable of producing water
soluble toxins that can cause illness in livestock and humans. As the bloom dies off and sinks to
the bottom, it is broken down by other organisms whose activity depletes the amount of
dissolved oxygen available and cause fish kills. If eutrophic conditions persist, the reduction in
biodiversity may completely alter the entire ecosystem (Penn & Bowen, 2018).
The U.S. Environmental Protection Agency has had success reducing point source
pollution through standards, regulation, and investment. Point sources of pollution include pipes,
ditches, channels, and containers. The EPA focus has now begun to shift towards reducing
5

pollutants from nonpoint sources including eroding streambanks, urban runoff, and agricultural
runoff (USEPA, 2005). Runoff from agricultural land is a major nonpoint source of P that
reaches surface waters. It may be transported in particulate form, where it is associated with soil
and organic matter eroded from cultivated land by rainfall or snowmelt, or dissolved form, more
common in runoff from grasslands, forests, and nonerosive soil (Daniel et al., 1998). The
bioavailability of particulate P is variable. It fluctuates with the type of sediment it is carried on,
the concentration of P on the sediment, and the P concentration of the receiving waters.
Dissolved P is 100% biologically available as soon as it enters an aquatic ecosystem and
therefore more dangerous to the environment. A drastic increase in plant and algal growth can
occur immediately upon introduction. Particulate P can be reduced by employing best
management practices (BMPs) geared towards reducing erosion, but these conventional BMPs
have little to no effect on reducing concentrations of dissolved P (Penn & Bowen, 2018).
2.3

Wetlands
Natural wetlands intersecting with agricultural land in upland or floodplain settings serve

as a buffer between agriculture and other ecosystems (Cooper & Moore, 2003). Wetlands
provide many crucial services to the environment and to human populations in their vicinity.
Wetlands filter sediment and absorb pollutants in surface waters, potentially improving the
quality of groundwater at the same time. Salt marshes and coastal wetlands help reduce beach
erosion and property damage during large storms. In riparian settings, wetlands store water
during large rainfall events, absorbing the energy of the excess water, reducing downstream
flood damage, and releasing stored water over time to keep streams flowing during times of
drought. Wetland vegetation secures the soil along banks and reduces downstream erosion and
sedimentation. Many species of birds, amphibians, reptiles, and mammals are uniquely adapted
6

to the habitat provided by wetland ecosystems. Wetlands provide animals with food, shelter, and
breeding grounds. Many threatened and endangered species of plants and animals depend on
wetlands for their survival, as do a large percentage of species harvested in commercial fisheries.
The diversity of plants, animals, and water features found in many natural wetlands provide a
scenic backdrop for human recreational activities including sightseeing, fishing, birdwatching,
and photography. Despite the valuable services they provide, wetlands were often considered to
be nuisance or problem areas in the past, and many were filled in, drained, or used as dumping
grounds (NPS, 2016).
Research has indicated that in the contiguous 48 states, total wetland area is half of what
existed at the arrival of the first European settlers. Of these remaining wetlands, many have been
altered from one type to another. These lands still contribute to gross wetland area, but still have
ecological impacts by changing habitat types and community structure. Examples of this include
the clearing of trees from forested wetlands and excavating marshes to create open water. Total
wetland area has continued to decline since the 1950’s, but at a decreasing rate. As the benefits
and functions of wetlands have become better understood, and more government programs and
legislation have been enacted, more conservation and restoration efforts have occurred. The U.S.
Department of Agriculture reported that the decade between 1997 and 2007 was the first period
with a net increase in wetlands in modern history. There was a net increase of over 100,000
wetland acres on agricultural land alone between 2004 and 2009. The emergence of constructed
wetlands as a water treatment strategy for agricultural runoff has contributed to this increase
(USEPA, 2005 & 2020).
Constructed wetlands (CWs) are man-made systems designed to mimic the natural
beneficial processes of natural wetlands, often to treat specific conditions including erosion
7

control and nutrient removal (Vymazal, 2007). These wetlands can range from being designed to
appear and function in very natural manner, to highly engineered and managed systems (Kadlec
et al., 2009). The types of CWs typically used for nutrient removal are open water CWs with
either free-floating or emergent plants, CWs with horizontal sub-surface flow, and CWs with
vertical sub-surface flow. The open water systems are most used for nitrogen removal and
utilize a variety of biochemical mechanisms including volatilization, ammonification, and plant
uptake. The sub-surface flow systems are best suited for P removal due to differences in the soil
phosphorus cycle and typically rely on adsorption and precipitation to sequester P in a filtration
substrate. Horizontal-flow systems where the bed of substrate is constantly flooded have been
shown to have higher potential for P removal by limiting available oxygen to allow redox
reactions that release previously captured P. Intermittently flooded vertical-flow systems are
more prone to redox reactions when dry because the gravel or crushed rock typically used as
filtration substrates have a low capacity for sorption and precipitation. Recent research has been
conducted to evaluate other materials as substrates to improve the effectiveness of these
reactions enhance the P removal capacity of vertical-flow systems. Engineered biochar and
electric arc furnace slag are among these materials being investigated and show potential for
greatly improving P removal capacity (Vymazal, 2007).

2.4

Phosphorus sorption materials
Phosphorus sorption materials (PSMs) are solids that have a strong affinity for dissolved

P and can be used as filter substrates to capture it and remove it from solution. They are
generally rich in aluminum, iron, calcium, or magnesium. The presence of these elements is
what enables the PSMs to chemically react with available phosphorus. PSMs also contain pore
8

space which allows direct contact with the water to be treated. Many PSMs are co-products of
industrial activity and are produced in vast quantities every year. Some of this volume is
partially disposed of through applications to agricultural land as liming agents or soil
amendments, but millions of tons of potential PSMs are ultimately sent to landfills. Expanding
on the beneficial secondary use of these products prevents them from becoming waste materials,
a solution that conserves landfill space and saves money for industry (Penn & Bowen, 1998).
Steel slag is a co-product of the steel industry. It is created through the conversion of
iron to steel in in a basic oxygen furnace, or by the melting of scrap metal to make recycled steel
in an electric arc furnace (EAF). The EAF process involves collecting unsightly and potentially
environmentally damaging scrap steel and melting it in large kettles with the heat of an electrical
arc passing between powerful graphite electrodes inserted into the kettle. The nonmetallic
impurities from the scrap steel rise to the surface of the kettle upon melting and are poured off
and cooled, solidifying into steel slag. The large chunks of rock-like slag may then be crushed
and graded into different sized particles where it has primarily been used in construction
applications including roadbeds and as aggregate in asphalt and concrete. Since EAF steel slag
primarily consists of calcium, magnesium, silicon, and iron, it has the necessary elements present
to have an affinity for P and research has proven it to be successful as a PSM (Shi, 2004).
Biochar is a co-product of the biofuels industry and refers to a carbon-rich and porous
substance created by partially burning biomass under high temperature and low oxygen
conditions (Crisler, 2019). It has gained attention of researchers due to its low cost and multiple
potential uses, including carbon sequestration, soil improvement, and environmental
remediation. Biochar can be made using a wide variety of feedstocks, common sources are crop
residue, wood or wood particles, and dried manure. Converting invasive plant material into
9

biochar can be used to turn an environmental nuisance into an environmental asset (Tan et al.,
2015). Biochar production techniques can also vary and include gasification, torrefaction, and
pyrolysis. Gasification involves partially combusting biomass to produce biogas and bio-oil,
creating biochar as a co-product. Torrefaction is a heating process primarily used to alter
biomass into a higher quality fuel for gasification operations. Pyrolysis also involves the
incomplete combustion of biomass and creates bio-oil, but also produces higher yields of
biochar, 25-30%, than other production techniques. A unique characteristic of biochar that adds
to its potential as a PSM is its capacity to be modified through physical or chemical means to
increase its affinity for the adsorption of specific compounds in soil and water including heavy
metals and phosphate (Crisler, 2019).

10

CHAPTER III
METHODOLOGY
3.1

Site Description
This mesocosm experiment was conducted on a research plot (fig. 3.1.1) in Starkville,

Mississippi at the H.H. Leveck Animal Research Center, an 1,100-acre forage and livestock
research facility on the southern boundary of the campus of Mississippi State University,
commonly referred to as South Farm (33.424o N, -88.792o W, elevation 325’). The annual
climate in Starkville includes hot and humid summers with cold and wet winters. The hot season
is from May 24 to September 22, a period of 3.9 months with average daily temperatures above
83o F. The average hottest day of the year is July 21, with an average high of 90o F and low of
70o F. The cool season is 2.8 months in duration from November 28 to February 22 with an
average daily high temperature below 61o F. The coolest day of the year is January 16, with an
average low of 35o F and high of 54o F. The area receives an average annual rainfall of 55.45
inches with the majority falling between November and June (Weatherspark 2020).

11

Figure 3.1

3.2

Research site at Mississippi State “South Farm”

Mesocosms
Eighteen constructed wetland mesocosms were assembled in May of 2019 to

accommodate three different filter treatments with six replications of each. Each mesocosm was
contained in a new, 5-gallon plastic bucket with a ½” diameter pvc outlet inserted 2” from the
bottom, fitted with a ½” pvc ball valve (fig. 3.1.2). Each bucket has a 2” base layer of
compacted subsoil in the bottom, a ½” layer of washed pea gravel at the drain level, an 8” layer
of filter material on top of the pea gravel, and a 2” layer of topsoil planted in native rhizomatous
grasses. The three filter treatments investigated are electric arc furnace slag, engineered biochar,
and sand.

12

Figure 3.2

3.3
3.3.1

Mesocosms in place at Mississippi State South Farm

Phosphorus Filter Materials
Electric arc furnace slag
The electric arc furnace slag (fig. 3.3.1) for the study was supplied by Levy Materials,

Columbus, Mississippi, and is 5/8” and smaller diameter. The slag was determined to have a
surface area of 4.05 m2/g and pore diameter of 9.95 angstroms.
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Figure 3.3
3.3.2

Representative sample of the EAF slag used in this study

Engineered biochar
The raw biochar (fig 3.3.2) was supplied by Biochar Supreme, LLC, whose Black Owl ™

biochar brand is produced by fast pyrolysis using Douglas fir feedstock sourced from
Washington state. A representative sample was determined to have a surface area of 364.12
m2/g and pore diameter of 11.47 angstroms. The raw biochar was treated/engineered with
aluminum sulfate, magnesium sulfate, and sodium hydroxide to increase its affinity for P.
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Figure 3.4

3.3.3

Representative sample of the biochar used in this study

Sand
The sand filter layer was commercially available, unwashed fill sand (fig. 3.3.3)

purchased from a local building supply. Sand was chosen as a “control” material due to its
common usage as a stormwater filter material.
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Figure 3.5

A representative sample of the sand used in this study
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Figure 3.6

3.4

Sodium phosphate for mixing stock water

Field data collection procedure
The 18 buckets were assigned a random number and then a random position on one of

three existing brick pads at the research plot, six buckets per pad. The pads are oriented north to
south lengthwise. Each bucket was placed on two CMU blocks to provide enough clearance
beneath the valve to draw samples. Phosphate stock water was made by dissolving 1.2223 grams
of Fisher Scientific brand sodium phosphate (fig. 3.4.1) in 40 gallons of untreated groundwater
from the well at the research site to reach the goal concentration of 5ppm. The stock water was
mixed with a wooden paddle in a 50-gallon plastic barrel fitted with a ¾” pvc ball valve with
hose fitting. A 25’ garden hose was threaded onto the barrel ball valve and then equipped with a
brass ball valve on the free end to control water flow from the barrel. Data was collected once
monthly from June 2019 until May 2020. The first data set collected in the field each month is
the starting weight of the buckets before any P stock water is added. A metal sawhorse was
17

outfitted with a 1” stainless steel eye bolt to suspend a 99lb capacity digital scale (ReelSonar,
Seattle, WA). This allowed for a portable and sturdy scale platform, easily moved down each
position, on each pad, to weigh each bucket. The difference between the bucket field weight and
known bucket dry weight, in pounds, was then converted to volume of water for each bucket by
dividing by 8.34, as weight in pounds of one gallon of water. This value determined the volume
of water present in each bucket before beginning the experiment. The ball valves were then
closed on each bucket and P stock water gravity-fed from the barrel through the garden hose into
them, until each was saturated, maintaining ½” of standing water on the surface. The first
sample was drawn from each bucket upon saturation from the drain valve into a 35ml syringe,
filtered through a 0.45m PVDF Membrane filter (Fisher Scientific, Pittsburgh, PA) into a 50 ml
plastic centrifuge tube from Karter Scientific, Lake Charles, LA and designated “hour zero”,
representative of contact time with the PSM. The buckets were weighed again to determine their
saturated weight in pounds. The difference between field weight and saturated weight was again
divided by 8.34 pounds to determine the volume, in gallons, of P stock water introduced into
each bucket at the start of the experiment. Additional samples were drawn from each bucket into
a syringe and filtered at hour-one of contact time, hour-two of contact time, hour-four of contact
time, and hour-eight of contact time. After the last sample was drawn at hour-eight, the valves
were opened to drain the buckets and they were weighed in 16 hours to determine the amount of
water retained, in gallons, by dividing the difference between saturated weight and 16-hour
drained weight by 8.34. All samples were delivered to the Mississippi State Chemical
Laboratory and frozen within 3 hours of being drawn. The samples were thawed 12 hours prior
to chemical analysis for the presence of P. The turbidity of the samples from the sand treatments
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required that they be filtered after thawing, as the sediment settled out upon the samples
returning to a liquid state, and yielded a clearer sample, much more conducive to filtering.
3.5

Laboratory analysis procedure
The thawed and filtered samples were analyzed in the laboratory for P concentration with

the Molybdenum blue test. Standards were prepared containing 0, 5, 10, 15, and 30ppm P from
monobasic sodium phosphate monohydrate and deionized water (DI). A reducing solution is
prepared of ammonium molybdate, L-ascorbic acid, sulfuric acid, and DI. Combining 3mls of
reducing solution to 1ml of standard solution, for each concentration, and placing in a 500 C
water bath for one hour causes a reaction that turns the standards varying shades of blue in color,
each increase in concentration increases the darkness of blue (fig 3.5.1).

Figure 3.7

Standards for molybdenum blue test
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One ml of each field sample was combined with 3ml of reducing solution and placed into
50o C water bath for one hour (fig 3.5.2). The sample turns blue relative to its P concentration.

Figure 3.8

Samples in water bath
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The standard solutions were used to calibrate a Shimadzu UV-2550 ultraviolet-visible
Spectrophotometer (Kyoto, Japan) (fig. 3.5.3), which compared the color of the samples to the
color of the standards to determine P concentration. Spectrophotometry detected P in its reactive
form, orthophosphate. The data was reported in spreadsheet format.

Figure 3.9

UV-vis spectrophotometer
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3.6

Statistical analysis
The data from the P concentration spreadsheet was entered into SPSS statistical software

for analysis. A major component of this study was determining whether engineered biochar,
EAF slag, or sand influence the concentration of dissolved P in the mesocosm effluent.
Therefore, the dependent variable is “ P concentration”. The buckets were divided into three
"independent groups", each of which contained a different filter material. Therefore, the
between-subjects factor is the "type of treatment ", which consisted of engineered biochar, EAF
slag, and sand. Each of these treatments was sampled monthly for 12 months and P
concentration was measured at five points of contact time: hour zero, hour one, hour two, hour
four, and hour eight. Therefore, the within-subjects factor is "time", which consists of five
groups. Each month’s data was analyzed to determine the differences in the dependent variable,
“P concentration” between treatments, and the independent variable “time” within treatments.
Another major point of this experiment was to investigate if engineered biochar, EAF
slag, and sand influence the amount of water retained in their respective buckets. Therefore, the
dependent variable is “water retention” and the between-subjects factor is “type of treatment”.
These will be compared with the independent variable “time”, the within-subjects factor, both
over 12 months. A two-way mixed ANOVA is used to determine whether there is an interaction
between a between-subjects factor and a within-subjects factor on a continuous dependent
variable.
The final point of this experiment was to determine the survivability of plant materials
that were possible targets for revegetating the bioreactor sites. Survival of carpetgrass and
Cherokee sedge was compared between treatments to determine any differences between the
bioreactor PSMs regarding plant survival.
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CHAPTER IV
RESULTS
4.1

Introduction to the water retention analysis
Each month’s data for water retention was analyzed via mixed ANOVA to determine

differences between treatments and through time. (Laerd Statistics 2018). The results for each
month are summarized by the tests of between-subjects effects (group), the tests of withinsubjects effects (time), and the pairwise comparisons of the treatment groups. The GreenhouseGeiser measure of significance for testing for two-way interaction was used due to its being the
most conservative measure of significance.
In the ten months of water retention data, the main effect of time showed statistically
significant differences in mean water retention at the different sampling points in time; F (3.708,
55.616)=89.463, p< 0.0005 (table 4.1.1). The main effect of the treatment type showed there
was a statistically significant difference in mean water retention between treatments, F (2,15)=
486.765, p<0.0005, partial ἠ2=0.985 (table 4.1.2). Pairwise comparisons showed that biochar
was significantly different from sand (p<0.0005), and significantly different from slag
(p<0.0005). Sand and slag were also significantly different (p <0.0005) in mean water retention
(table 4.1.3). There were no outliers as assessed by examination of studentized residuals for
values greater than ±3.
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Water Retention Means by Treatment

Figure 4.1

Table 4.1

Monthly water retention means, between treatments, in gallons

Tests of Within-Subjects Effects/Water Retention
Tests of Within-Subjects Effects

Measure: water retention
Type III Sum
Source
time
time * group
Error(time)

of Squares

Mean
df

Square

F

Sig.

Partial Eta Squared

Greenhouse-Geisser

1.510

3.708

.407 89.463

.000

.856

Greenhouse-Geisser

.254

7.415

.034

.000

.501

Greenhouse-Geisser

.253

55.616

.005
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7.525

Table 4.2

Tests of Between-Subjects Effects/Water Retention

Type III Sum of
Source

Squares

Intercept

Partial Eta
df

Mean Square

F

Sig.

Squared

513.659

1

513.659

9729.306

.000

.998

group

51.398

2

25.699

486.765

*.000

.985

Error

.792

15

.053

* indicates significant difference (p<0.0005) between treatments, biochar, sand, and slag

Table 4.3

Pairwise Comparisons/Water Retention

(I) “Treatment
Group:
“biochar”,
“sand”, & “slag”
biochar

sand

(J) “Treatment
Group:
“biochar”,
“sand”, & “slag”
sand
slag

1.234*

.042

biochar

-.994*

.042

.240*

.042

-1.234*

.042

.000

-.240*

.042

.000

slag
slag

Mean
Differenc Std.
e (I-J)
Error Sig.b
.994*
.042 @.000

biochar
sand

@

%

.000
.000

#

.000

indicates significant difference between biochar and sand (p<0.0005)
indicates significant difference between biochar and slag (p<0.0005)
#
indicates significant difference between sand and slag (p<0.0005)
%
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Figure 4.2

Mean water retention over time by treatment
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4.2

Introduction to dissolved Phosphorus analysis
D for dissolved P was analyzed for each month individually due to the variation in weather

between each month’s sampling. For each month, the two-way interaction effect between time
and treatment was not evaluated because of the violation of the assumption of the equality of
covariance matrices. It is common to move forward with the mixed ANOVA and note the
violation (Laerd Statistics 2018). Main effects for differences between the treatments and for the
main effect of time were interpreted from the mixed ANOVA. The results for each month are
summarized by the tests of between-subjects effects (group), the tests of within-subjects effects
(time), and the pairwise comparisons of the treatment groups. The Greenhouse-Geiser measure
of significance for testing for two-way interaction was used due to its being the most
conservative measure of significance.

4.3

Monthly data sets

4.3.1

August 2019
In the data set from August 2019, the main effect of the treatment type showed there was

a statistically significant difference in mean P concentration between treatments, F (2,15)=
25.804, p<0.0005, partial ἠ2=0.775 (table 4.3.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.438,
36.566)=2.354, p=0.099 (table 4.3.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), but not significantly different from slag (p = 0.083).
Sand and slag were significantly different (p = 0.001) in mean P concentration (table 4.3.3).
There were no outliers as assessed by examination of studentized residuals for values greater
than ±3.
27

August 2019

Figure 4.3

P concentration by treatment/August 2019

*Indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Table 4.4

Tests of Within-Subjects Effects/August 2019

Measure: P
Source
time

GreenhouseGeisser

time * group

GreenhouseGeisser

Error(time)

GreenhouseGeisser

Type III Sum
of Squares
.287

df
Mean Square
2.438
.118

F
2.354

Sig.
*.099

1.328

4.875

.272

5.456

.001

1.826

36.566

.050

df
Mean Square
2.438
.118

F
2.354

Sig.
*.099

5.456

.001

*Indicates no significant differences between groups (p=.099), biochar, sand, and slag

Table 4.5

Tests of Within-Subjects Effects/August 2019

Measure: P
Source

Type III Sum
of Squares
.287

time

GreenhouseGeisser

time * group

GreenhouseGeisser

1.328

4.875

.272

Error(time)

GreenhouseGeisser

1.826

36.566

.050

*Indicates no significant differences between groups (p=.099), biochar, sand, and slag
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Table 4.6

Tests of Between-Subjects Effects/August 2019

Measure: P

Source
Intercept

Type III Sum of
Squares
17.449

df

Mean Square
1
17.449

group

7.300

2

3.650

Error

2.122

15

.141

Table 4.7

F
123.350

Sig.
.000

Partial Eta
Squared
.892

25.804

*.000

.775

Pairwise Comparisons/August 2019

Measure: P
Mean
(I) Treatments: “biochar”, (J) Treatments: “biochar”, Difference (I“sand” & “slag”
“sand” & “slag”
J)
Std. Error
*
biochar
sand
-.687
.097
sand
slag

Sig.b
@
.000
%

slag

-.237

.097

biochar

.687*

.097

slag

.450*

.097

.237

.097

.083

-.450*

.097

.001

biochar
sand

@

indicates significant difference between biochar and sand (p<0.0005)
indicates no significant difference biochar and slag (p=0.083)
#
indicates significant difference between sand and slag (p=0.001
%
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.083
.000

#

.001

August 2019

Figure 4.4

4.3.2

P concentration by time/August 2019 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3 is
hour 2, ts4 is hour 4, ts5 is hour 8)

September 2019
In the data set from September 2019, the main effect of the treatment type showed there

was a statistically significant difference in mean P concentration between treatments, F (2,15) =
4.250, p=.034, partial ἠ2=0.362 (table 4.4.1). The main effect of time showed statistically
significant difference in mean P concentration at the different sampling points in time; F (1.568,
23.516) =2.354, p=0.013 (table 4.4.2). Pairwise comparisons showed that biochar was not
significantly different from sand (p=.085), and not significantly different from slag (p = 0.059).
Sand and slag were not significantly different (p = 1.000) in mean P concentration (table 4.4.3).
There were no outliers as assessed by examination of studentized residuals for values greater
than ±3.
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Figure 4.5

Table 4.8

P concentration by treatment/September 2019

Tests of Between-Subjects Effects/September2019

Measure: P
Type III Sum
Partial Eta
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
1.413
1
1.413
19.911
.000
.570
group
.603
2
.302
4.250
*.034
.362
Error
1.064
15
.071
*indicates significant differences between groups (p=.034), biochar, sand, and slag

32

Table 4.9
Table 4.9

Tests of Within-Subjects Effects/September 2019

Measure: P
Source
time

Type III Sum
of Squares
Greenhouse-Geisser
1.895

df Mean Square
1.568
1.209

F
5.855

time *
Greenhouse-Geisser
2.636
3.135
.841
4.072
group
Error(time) Greenhouse-Geisser
4.854 23.516
.206
*indicates significant differences between groups (p=0.013), biochar, sand, and slag

Table 4.10

Sig.
*.013
.017

Pairwise Comparisons/September 2019

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
"sand" & "slag"
"sand" & "slag"
biochar
sand
slag

Mean
Difference (I-J) Std. Error
-.167
.069

Sig.a
@
.085
%

-.180

.069

.167

.069

-.013

.069

.180

.069

.059

sand
.013
indicates no significant difference between biochar and sand (p=0.085)
%
indicates no significant difference biochar and slag (p=0.059)
#
indicates no significant difference between sand and slag (p=1.000)

.069

1.000

sand

biochar
slag

slag

biochar

@
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.059
.085

#

1.000

Figure 4.6

4.3.3

P concentration by time/September 2019 (time step (ts) 1 is hour 0, ts2 is hour 1,
ts3 is hour 2, ts4 is hour 4, ts5 is hour 8)

October 2019
In the data set from October 2019, the main effect of the treatment type showed there was

a statistically significant difference in mean P concentration between treatments, F (2,15) =
9.413, p=0.003, partial ἠ2=0.549 (table 4.5.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (1.722,
25.836) =.872, p=.415 (table 4.5.2). Pairwise comparisons showed that biochar was not
significantly different from sand (p=1.00) but was significantly different from slag (p = 0.008).
Sand and slag were significantly different (p = 0.005) in mean P concentration (4.5.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.7

Table 4.11

P concentration by treatment/October 2019

Tests of Between-Subjects Effects/October 2019

Measure: P
Transformed Variable: Average
Type III Sum
Partial Eta
Source
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
6.697
1
6.697
45.679
.000
.753
group
2.681
2
1.340
9.143
*.003
.549
Error
2.199
15
.147
*indicates significant differences between groups (p=.003), biochar, sand, and slag
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Table 4.12
Table 4.12

Tests of Within-Subjects Effects/October 2019

Measure: P
Type III
Sum of
Squares
.128

Source
time

df
1.722

Mean
Square
.074

F
.872

Sig.
*.415

GreenhouseGeisser
time * group Greenhouse.296
3.445
.086
1.007
.414
Geisser
Error(time) Greenhouse2.207 25.836
.085
Geisser
*indicates significant differences between groups (p=0.415), biochar, sand, and slag

Table 4.13

Pairwise Comparisons/October 2019

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
.020
.099
slag
sand

biochar
slag

slag

biochar

-.356*

.099

%

-.020

.099

1.000

-.376*

.099

#

.356*

.099

.008

*

.099

.005

sand
.376
indicates no significant difference between biochar and sand (p=1.000)
%
indicates significant difference biochar and slag (p=0.008)
#
indicates significant difference between sand and slag (p=0.005)
@
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Sig.b
@
1.000
.008
.005

Figure 4.8

4.3.4

P concentration by time/October 2019 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3
is hour 2, ts4 is hour 4, ts5 is hour 8)

November 2019
In the data set from November 2019, the main effect of the treatment type showed there

was a statistically significant difference in mean P concentration between treatments, F (2,15) =
4.802, p=.024, partial ἠ2=0.390 (table 4.6.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (1.726,
25.894) =2.109, p=0.147 (table 4.6.2). Pairwise comparisons showed that biochar was
significantly different from sand (p=0.040), but not significantly different from slag (p = 1.00).
Sand and slag were not significantly different (p = 0.066) in mean P concentration (table 4.6.3).
There were no outliers as assessed by examination of studentized residuals for values greater
than ±3.
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Figure 4.9

Table 4.14

P concentration by treatment/November 2019

Tests of Between-Subjects Effects/November 2019

Measure: P
Transformed Variable: Average
Type III Sum
Partial Eta
Source
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
21.607
1
21.607
15.867
.001
.514
group
13.078
2
6.539
4.802
*.024
.390
Error
20.427
15
1.362
*indicates significant differences between groups (p=.024), biochar, sand, and slag
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Table 4.15

Tests of Within-Subjects Effects/November 2019

Measure: P
Source
time

Type III Sum
of Squares
Greenhouse-Geisser
.786

time * group Greenhouse-Geisser

2.900

df Mean Square
1.726
.455

F
2.109

Sig.
*.147

3.452

3.893

.017

.840

Error(time) Greenhouse-Geisser
5.586
25.894
.216
*indicates no significant differences between groups (p=.147), biochar, sand, and slag

Table 4.16

Pairwise Comparisons/November 2019

Measure: P
(I) Treatments: "biochar"' (J) Treatments: "biochar"'
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-.843*
.301

sand

slag

Sig.b
@
.040
%

slag

-.075

.301

biochar

.843*

.301

slag

.769

.301

#

biochar

.075

.301

1.000

-.769

.301

.066

sand
@

indicates significant difference between biochar and sand (p=0.040)
Indicates no significant difference biochar and slag (p=1.000)
#
indicates no significant difference between sand and slag (p=0.066)
%

39

1.000
.040
.066

Figure 4.10

4.3.5

P concentration by time/November 2019 (time step (ts) 1 is hour 0, ts2 is hour 1,
ts3 is hour 2, ts4 is hour 4, ts5 is hour 8)

December 2019
In the data set from December 2019, the main effect of the treatment type showed there

was a statistically significant difference in mean P concentration between treatments, F (2,14) =
14.733, p<0.0005, partial ἠ2=0.678 (table 4.7.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.266,
31.721) =1.258, p=0.301 (table 4.7.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), but not significantly different from slag (p = 0.238).
Sand and slag were significantly different (p = 0.018) in mean P concentration (4.7.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.11

Table 4.17

P concentration by treatment/December 2019

Table 4.7.1 Tests of Between-Subjects Effects/December 2019

Measure: P
Transformed Variable: Average
Type III Sum
Partial Eta
Source
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
149.465
1
149.465 754.473
.000
.982
group
5.837
2
2.919
14.733
*.000
.678
Error
2.773
14
.198
*indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Table 4.18

Tests of Within-Subjects Effects/December 2019

Measure: P

time

Type III Sum
Source
of Squares
Greenhouse-Geisser
.025

time * group Greenhouse-Geisser

.096

df Mean Square
2.266
.011

F
1.258

Sig.
*.301

4.532

2.447

.060

.021

Error(time) Greenhouse-Geisser
.276
31.721
.009
*indicates no significant differences between groups (p=.301), biochar, sand, and slag

Table 4.19

Pairwise Comparisons/December 2019

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-.618*
.115
sand
slag

Sig.b
@
.000
%

slag

-.228

.121

biochar

.618*

.115

slag

.389*

.121

.228

.121

.238

*

.121

.018

biochar

sand
-.389
indicates significant difference between biochar and sand (p<0.0005)
%
indicates no significant difference biochar and slag (p=0.238)
#
indicates significant difference between sand and slag (p=0.018)
@
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.238
.000

#

.018

Figure 4.12

4.3.6

P concentration by time/December 2019 (time step(ts) 1 is hour 0, ts2 is hour 1, ts3
is hour 2, ts4 is hour 4, ts5 is hour 8

January 2020
In the data set from January 2020, the main effect of the treatment type showed there was

a statistically significant difference in mean P concentration between treatments, F (2,15) =
20.700, p<0.0005, partial ἠ2=0.734 (table 4.8.1). the main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.261,
33.913) =3.130, p=0.051 (table 4.8.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), but not significantly different from slag (p = 0.052).
Sand and slag were significantly different (p = 0.006) in mean P concentration (4.8.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.13

Table 4.20

P concentration by treatment/January 2020

Tests of Between-Subjects Effects/January 2020

Measure: P
Transformed Variable: Average
Type III Sum
Partial Eta
Source
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
129.696
1
129.696
67.967
.000
.819
group
79.000
2
39.500
20.700
*.000
.734
Error
28.623
15
1.908
*indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Table 4.21
Table 4.21

Tests of Within-Subjects Effects/January 2020

Measure: P
Type III Sum
Source
of Squares
df Mean Square
F
Sig.
time
Greenhouse2.153
2.261
.952
3.130
*.051
Geisser
time *
Greenhouse4.812
4.522
1.064
3.497
.014
group
Geisser
Error(time)
Greenhouse10.320 33.913
.304
Geisser
*indicates no significant differences between groups (p=.051), biochar, sand, and slag

Table 4.22

Pairwise Comparisons/January 2020

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-2.285*
.357
slag
sand
slag

Sig.b
@
.000
%

-.955

.357

biochar

2.285*

.357

slag

1.330*

.357

.955

.357

.052

-1.330*

.357

.006

biochar
sand

@

indicates significant difference between biochar and sand (p<0.0005)
indicates no significant difference biochar and slag (p=0.052)
#
indicates significant difference between sand and slag (p=0.006)
%
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.052
.000

#

.006

Figure 4.14

4.3.7

P concentration by time/January 2020 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3
is hour 2, ts4 is hour 4, ts5 is hour 8

February 2020
In the data set from February 2020, the main effect of the treatment type showed there

was a statistically significant difference in mean P concentration between treatments, F (2,15) =
41.742, p<0.0005, partial ἠ2=0.848 (table 4.9.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.795,
41.929) =.693, p=0.552 (table 4.9.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), and significantly different from slag (p = 0.041).
Sand and slag were significantly different (p<0.0005) in mean P concentration (4.9.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.15

Table 4.23

P concentration by treatment/February 2020

Tests of Between-Subjects Effects/February 2020

Measure: P
Transformed Variable: Average
Type III Sum
Partial Eta
Source
of Squares
df
Mean Square
F
Sig.
Squared
Intercept
113.547
1
113.547 163.130
.000
.916
group
58.109
2
29.055
41.742
*.000
.848
Error
10.441
15
.696
*indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Table 4.24
Table 4.24

Tests of Within-Subjects Effects/February 2020

Measure: P

time

Type III Sum
Source
of Squares
Greenhouse-Geisser
1.068

time * group Greenhouse-Geisser

5.578

df Mean Square
2.795
.382
5.591

.998

F
.693

Sig.
*.552

1.810

.125

Error(time) Greenhouse-Geisser
23.115 41.929
.551
*indicates no significant differences between groups (p=.552), biochar, sand, and slag

Table 4.25

Pairwise Comparisons/February 2020

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-1.924*
.215

sand

slag

Sig.b
@
.000

slag

-.603*

.215

biochar

1.924*

.215

slag

1.321*

.215

.603*

.215

.041

-1.321*

.215

.000

biochar
sand

@

indicates significant difference between biochar and sand (p<0.0005)
indicates significant difference biochar and slag (p=0.041)
#
indicates significant difference between sand and slag (p<0.0005)
%
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Figure 4.16

4.3.8

P concentration by time/February 2020 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3
is hour 2, ts4 is hour 4, ts5 is hour 8)

March 2020
In the data set from March 2020, the main effect of the treatment type showed there was a

statistically significant difference in mean P concentration between treatments, F (2,15)= 44.763,
p<0.0005, partial ἠ2=0.856 (table 4.10.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.831,
36.56642.462) =.185, p=0.897 (table 4.10.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), and significantly different from slag (p = 0.016).
Sand and slag were significantly different (p<0.0005) in mean P concentration (4.10.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.17

Table 4.26

P concentration by treatment/March 2020

Tests of Between-Subjects Effects/March 2020

Measure: P
Transformed Variable: Average
Type III Sum
Source
of Squares
df
Mean Square
Intercept
38.338
1
38.338
group
22.737
2
11.368
Error
3.810
15
.254

F
150.954
44.763

Sig.
.000
*.000

*indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Partial Eta
Squared
.910
.856

Table 4.27

Tests of Within-Subjects Effects/March 2020

Measure: P
Source
time

Type III Sum
of Squares
Greenhouse-Geisser
.195

time * group Greenhouse-Geisser
Error(time)

Greenhouse-Geisser

df Mean Square
2.831
.069

2.534

5.662

.448

15.814

42.462

.372

F
.185

Sig.
*.897

1.202

.324

*indicates no significant differences between groups (p=.0.897), biochar, sand, and slag

Table 4.28

Pairwise Comparisons/March 2020

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-1.213*
.130

sand

slag

Sig.b
@
.000

slag

-.424*

.130

biochar

1.213*

.130

slag

.789*

.130

biochar

.424*

.130

.016

-.789*

.130

.000

sand
@

indicates significant difference between biochar and sand (p<0.0005)
indicates significant difference biochar and slag (p=0.016)
#
indicates significant difference between sand and slag (p<0.0005)
%
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.000

Figure 4.18

4.3.9

P concentration by time/March 2020 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3 is
hour 2, ts4 is hour 4, ts5 is hour 8)

April 2020
In the data set from April 2020, the main effect of the treatment type showed there was a

statistically significant difference in mean P concentration between treatments, F (2,15) =
49.497, p<0.0005, partial ἠ2=0.868 (table 4.11.1). The main effect of time showed a statistically
significant difference in mean P concentration at the different sampling points in time; F (3.098,
46.470) =8.009, p<0.0005 (table 4.11.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), but not significantly different from slag (p = 0.083).
Sand and slag were significantly different (p = 0.001) in mean P concentration (4.11.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
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Figure 4.19

Table 4.29

P concentration by treatment/April 2020

Tests of Between-Subjects Effects/April 2020

Measure: P
Type III Sum
Source
of Squares
Intercept
101.442
group
82.511
Error
12.502

df

Mean Square
1
101.442
2
41.256
15
.833

F
121.708
49.497

Sig.
.000
.000

*indicates significant differences between groups (p<0.0005) biochar, sand, and slag
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Partial Eta
Squared
.890
.868

Table 4.30

Tests of Within-Subjects Effects/April 2020

Measure: P

Source
time

Type III Sum
of Squares
Greenhouse8.155
Geisser

df Mean Square
3.098
2.632

F
8.009

Sig.
*.000

2.531

.032

time * group

GreenhouseGeisser

5.154

6.196

.832

Error(time)

GreenhouseGeisser

15.273

46.470

.329

*indicates significant differences between groups (p<0.0005), biochar, sand, and slag

Table 4.31

Pairwise Comparisons/April 2020

Measure: P
Mean
(I) Treatments: "biochar", (J) Treatments: "biochar", Difference (I"sand" & "slag"
"sand" & "slag"
J)
Std. Error
*
biochar
1.00
-2.196
.236
sand
1.00

sand

Sig.b
@
.000
%

-.386

.236

biochar

2.196*

.236

sand

1.811*

.236

.386

.236

.368

-1.811*

.236

.000

biochar
1.00

@

indicates significant difference between biochar and sand (p<0.0005)
indicates no significant difference biochar and slag (p=0.368)
#
indicates significant difference between sand and slag (p<0.0005)
%
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.000
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.000

Figure 4.20

4.3.10

P concentration by time/April 2020 (time step(ts) 1 is hour 0, ts2 is hour 1, ts3 is
hour 2, ts4 is hour 4, ts5 is hour 8)

May 2020
In the data set from May 2020, the main effect of the treatment type showed there was a

statistically significant difference in mean P concentration between treatments, F (2,15)= 37.281,
p<0.0005, partial ἠ2=0.832 (table 4.12.1). The main effect of time showed no statistically
significant difference in mean P concentration at the different sampling points in time; F (2.745,
41.181)=2.354, p=0.009 (table 4.12.2). Pairwise comparisons showed that biochar was
significantly different from sand (p<0.0005), and significantly different from slag (p = 0.005).
Sand and slag were significantly different (p = 0.001) in mean P concentration (4.12.3). There
were no outliers as assessed by examination of studentized residuals for values greater than ±3.
55

Figure 4.21

Table 4.32

P concentration by treatment/May 2020

Tests of Between-Subjects Effects/May 2020

Measure: P
Type III Sum
Source
of Squares
Intercept
123.107
group
67.617
Error
13.626

df

Mean Square
1
123.107
2
33.808
15
.908

F
135.525
37.218

Sig.
.000
*.000

*indicates significant differences between groups (p<0.0005), biochar, sand, and slag
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Partial Eta
Squared
.900
.832

Table 4.33

Tests of Within-Subjects Effects/May 2020

Measure: P

Source
time

Type III Sum
of Squares
Greenhouse5.781
Geisser

df
2.745

Mean
Square
2.106

F
4.624

Sig.
*.009

2.303

.057

time * group

GreenhouseGeisser

5.758

5.491

1.049

Error(time)

GreenhouseGeisser

18.753

41.181

.455

*indicates significant differences between groups (p=0.009), biochar, sand, and slag

Table 4.34

Pairwise Comparisons/May 2020

Measure: P
(I) Treatments: "biochar", (J) Treatments: "biochar",
Mean
"sand" & "slag"
"sand" & "slag"
Difference (I-J) Std. Error
biochar
sand
-2.118*
.246

sand

slag

Sig.b
@
.000

slag

-.935*

.246

biochar

2.118*

.246

slag

1.183*

.246

.935*

.246

.005

-1.183*

.246

.001

biochar
sand

@

indicates significant difference between biochar and sand (p<0.0005)
Indicates significant difference biochar and slag (p=0.005)
#
indicates significant difference between sand and slag (p=0.001)
%
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Figure 4.22

4.4

P concentration by time/May 2020 (time step (ts) 1 is hour 0, ts2 is hour 1, ts3 is
hour 2, ts4 is hour 4, ts5 is hour 8

Survival of Carpetgrass and Cherokee sedge 12 months after planting
Carpetgrass (Axonopus compressus) and Cherokee sedge (Carex cherokeensis) were selected

to study the plant response of the mesocosms because they are both native to the area and are
tolerant of wet and dry conditions. Carpetgrass was successful in all replications across the three
treatments, exhibiting steady growth up until dormancy, and reemerging in 100% of the
mesocosms in the spring. The Cherokee sedge was established successfully in all buckets but
demonstrated lower survivability than Carpetgrass in the spring. The survival rate was 67% in
engineered biochar, 72% in sand, and 67% in EAF slag. There is no significant difference in
survival rate between treatments. (Table 4.35)
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Table 4.35

Difference in sedge survivability between treatments.

Anova: Single Factor for difference in sedge survival between treatments
SUMMARY
Groups
biochar
sand
slag

Count

Sum Average
Variance
6
12
2
0.4
6
13 2.1666667 0.56666667
6
13 2.1666667 0.56666667

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
0.111111111
7.666666667

df
MS
F
P-value
F crit
2 0.0555556 0.10869565 0.8977034 3.68232
15 0.5111111

Total

7.777777778

17

4.5

Compiled Tables and Graphs

For ease of comparison the monthly data has been compiled into the following tables and graphs.
Included is a table summarizing the concentration of the stock water for the month, the P ppm P
passed in effluent and ppm P retained in mesocosms, and percentage P retained in mesocosms by
each treatment in each month (Table 4.13.2). There is also a graphic representation of percent P
retained in mesocosms (fig. 4.13.1) and average concentration of P in effluent for each month by
treatment (4.13.2). The water retention data is shown as average retention in gallons for each
treatment in each month of the study (table 4.13.3). Average water retention is also displayed
graphically by treatment over time (fig. 4.13.3). Rainfall data over the course of the study is
included in a graphical format, as well (fig. 4.13.4)
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Table 4.36

Summary of P concentrations by month and treatment, with percent P retained

Month

Treatment

Stock
(ppm)

Aug.

Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand

4.44

Sept.

Oct.

Nov.

Dec.

Jan.

Feb.

Mar.

Apr.

May

2.13

3.48

4.01

3.89

5.59

6.51

4.85

6.91

5.15
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Average P
Effluent
(ppm)

Average P
Retained
(ppm)

Percent P
Retained

0.132
0.370
0.838
0.010
0.059
0.153
0.161
0.141
0.516
0.128
0.222
1.014
1.048
1.268
1.682
0.120
1.076
2.406
0.114
0.884
2.204
0.107
0.532
1.322
0.202
0.586
2.402
0.151
1.086
2.282

4.308
4.070
3.602
2.120
2.071
1.977
3.319
3.339
2.964
3.882
3.788
2.996
2.842
2.622
2.208
5.470
4.514
3.184
6.396
5.626
4.306
4.743
4.318
3.528
6.708
6.324
4.508
4.999
4.064
2.868

97.02
91.67
81.13
99.54
97.25
92.82
95.38
95.95
85.17
96.80
94.46
74.71
73.06
67.40
55.48
97.86
80.75
56.96
98.25
86.42
66.14
97.79
89.03
72.74
97.08
91.52
65.24
97.07
78.91
55.69

Figure 4.23

Figure 4.24

Percent P retained by month, per treatment

Average P in effluent by month, per treatment
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Table 4.37

The average water retention of treatments by month.

Month
Jun.

Jul.

Sep.

Oct.

Nov.

Dec.

Feb.

Mar.

Apr.

May

Treatment

Average Water
Retained (Gallons)

Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand
Biochar
Slag
Sand

2.41
1.17
1.39
2.52
1.25
1.50
2.07
0.95
1.33
2.48
1.23
1.52
2.51
1.27
1.5
2.53
1.26
1.49
2.51
1.27
1.46
2.48
1.24
1.47
2.46
1.21
1.38
2.38
1.14
1.36
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Figure 4.25

Average water retention by treatment by month

Figure 4.26

Monthly rainfall at the study site
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CHAPTER V
REVIEW OF STUDY
5.1

Introduction
This chapter will reintroduce the purpose of this study, describe the benefits of

implementing filter wetlands using biochar and electric arc furnace (EAF) slag as P filters, and
apply principles of landscape architecture to propose a design for a filter wetland using biochar
and EAF in the same system based on the results and statistical analysis of the data collected
during the course of my experiment.
5.2

Purpose of study
Phosphorus (P) is an essential element for all life on this planet. It is integral to storing

energy within organisms, building genetic code, and maintaining proper cell function. It
promotes root development and fruiting in plants and is needed in the second highest
concentration of the three macronutrients required for plant growth: nitrogen, phosphorus, and
potassium. Chemical fertilizers containing P are routinely added to cropland to increase
production, and animal agriculture systems add P to the soil via animal waste. Excess P from
these agricultural lands transported to surface waters in stormwater runoff can trigger harmful
algal blooms that can negatively impact ecosystems and economies.

This research is a mesocosm-scale field experiment that investigates the effectiveness of
three materials in removing a known amount of dissolved P from solution, the different water
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retention capacities of these materials, and the response of grasses planted in a layer of soil
above these materials. The materials in this study are EAF slag, Douglas fir biochar treated with
metal salts to adsorb P, and sand. The data collected is used to influence design decisions for
using these materials as a filter layer in a field-scale constructed wetland to remove dissolved P
from runoff and reduce or eliminate algal blooms and the negative effects associated with them.
5.3

The benefits of constructed filter wetlands
Removing P from runoff with wetlands, preventing it from reaching surface waters and

causing eutrophic conditions, has additional positive effects on the watershed. Natural and
constructed wetlands both contribute to maintaining and increasing biodiversity by serving as
habitats for many species of amphibians, mammals, fish, reptiles, birds, and plants adapted to
these aquatic or semi-aquatic environments. They rely on these areas to provide food and shelter
necessary for their survival. Nearly 7000 plant species alone are found in U.S. wetlands, many
of which cannot survive outside of wetland conditions (USNPS). These unique habitats may
also provide excellent recreational activities for humans. Visitors who come to wetlands to fish,
hike, canoe, or take photographs can enjoy the benefits of outdoor physical activity and can be
economically beneficial to local communities.
Wetlands also serve as buffers for rivers, lakes, and streams, storing excess storm water,
removing nutrients, securing soil to reduce erosion and sedimentation, and making significant
improvements in water quality when maintained around production agriculture landscapes
(Cooper et al., 2003). Much agriculture is conducted in the floodplains of river valleys. Many
fields in production today were once wetlands themselves, that were drained or filled to increase
crop acreage and eliminate “non-productive” swampy areas on the margins. This has left many
remaining natural wetlands beyond their carrying capacity and not able to fully provide
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important ecological services, creating an opportunity and responsibility to design and create
constructed wetlands to provide the filtering and processing component lacking in the landscape,
due to the loss of native systems to agricultural production (Cooper et al., 2003). These wetlands
can be designed to be much more efficient at nutrient removal by utilizing materials that
specifically target P.
5.4

Benefits of EAF slag and biochar as filters
Two materials shown to be effective at adsorbing P are EAF slag and engineered biochar.

These materials are created by industrial processes and were previously considered waste.
Biochar is a co-product of the biofuels industry and is made by partially combusting a wide
variety of feedstocks in a high temperature and low oxygen environment, yielding bio-syn gas,
bio oil, and biochar (Crisler, 2019). The first advantage of this process is the creation of energy
without using fossil fuels while converting carbon (C) that was once in the air into a form that
can be introduced back into the soil. Converting biomass into biochar and incorporating it into
the soil has been determined to be one of the best ways of removing CO2 from the atmosphere
and returning it into the ground as C (Ahmad et al., 2014). Using biochar production to manage
plant and animal waste is another important benefit, including invasive species disposal. Using
waste makes the process both economical and beneficial. Forestry waste, animal manure,
municipal solid waste, and sewage sludge are all viable feedstock for biochar production. The
large surface area and porous structure of biochar make it easily modified, or engineered, to
increase its affinity for specific molecules, making it highly versatile as a biofilter (Ahmad et al.,
2014). The biochar in this study was made to target P for adsorption by being treated with low
cost and locally available metal oxides.
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The EAF slag used in the study is a co-product of steel recycling. When low-value and
unsightly scrap steel is melted by powerful electrodes in an electric arc furnace in the presence of
fluxing agents (often limestone or other material high in calcium) to produce new steel, the nonmetallic elements and metallic impurities in the molten metal and flux solidify into slag upon
cooling. The calcium, magnesium, and iron components of the slag and its high surface area
make it an effective P filter (Shi, 2004). The focus of this study is evaluating the effectiveness
of EAF slag and engineered biochar at removing dissolved P from pasture runoff and to design a
filter wetland utilizing these materials, but another very important component of this research is
to add to the list of possible uses for these co-products. These materials are created by recycling
scrap metal into new raw material for industry and manufacturing, and by creating energy from
waste materials in a way that removes C from the air and replaces it in the ground. Using
industrial co-products as P removal filters not only improves water quality and environmental
health, it also is helpful in managing materials formerly considered as waste and decreases the
associated pollution loading to the environment. Additionally, the exponential growth in the use
of P fertilizers in agriculture is predicted to exhaust the limited natural reserves of P over the
next 50 years and developing new technologies to capture P in runoff and reuse it on crop land
can impede eutrophication while helping to address global P scarcity in the future (Vikrant et al.,
2018).
5.5

Review of Methods and Discussion of Results
Eighteen mesocosms were constructed in 5-gallon capacity buckets fitted with 1/2” pvc

ball valves, six replications of each of the three treatments. Each bucket was saturated with stock
water containing a known concentration of P once monthly, with samples drawn at zero, one,
two, four, and eight hours of contact time with each filter material. These samples were then
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analyzed for P concentrations and compared to the stock sample to determine the amount of P
contained in the effluent and the amount held by the mesocosms. The buckets were also
weighed at saturation point and again 24 hours after being drained to determine the amount of
water retained by each, in gallons. The P concentrations were statistically analyzed using a twoway mixed ANOVA method with SPSS statistical software by IBM. The P samples were
compared to each other over the eight-hour sampling period within, and between filter groups
monthly. The water retention data was also evaluated using a two-way mixed ANOVA method,
comparing water retention over ten months within and between the buckets in each group.
The analyses revealed that there were statistically significant differences in P
concentration between treatments (p values ranging from p<0.0005 to p=0.034) in each month of
the ten-month study. The P concentration data showed statistically significant differences
between engineered biochar and sand in 9 of 10 months, between EAF slag and sand 8 of 10
months, and between engineered biochar and EAF slag in 3 of 10 months. Samples from the
sand filter mesocosms consistently had the highest P concentration in the effluent, followed by
EAF slag, with engineered biochar consistently demonstrating the lowest concentration of P in
the effluent over the 10-month period (figure 4.13.2). Previous research has established that
EAF slag and engineered biochar (treated with metal salts to adsorb P) are effective at removing
P from solution, with other studies demonstrating sand to be not as effective.
A review of research conducted on different filter media used for P removal from
wastewater in constructed wetlands by Vohla et al, (2011) considered studies using natural
materials (39 papers), industrial byproducts (25 papers), and man-made products (10 papers).
This review found the highest P removal capacity among slags and the lowest among sands. The
ability of the sands to remove P was found to be strongly related to the Ca content of the sand.
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Biochar was not included in this comparison (Vohla et al, 2011). In a 2013 study by Yao et al.,
it was found that engineered biochar created from tomato plant feedstock via straight pyrolysis
and treated with magnesium (Mg) increased the removal of dissolved P from wastewater by
88.5%. Untreated biochar is limited in its capacity to adsorb anionic substances such as P
(Vikrant et al., 2018). Impregnation with positively charged metal salts is responsible for the
high P removal ability of the engineered tomato plant biochar in the study by Yao et al. and the
engineered Douglas fir biochar in my study. Sand filter basins collecting urban runoff on the
campus of University of Texas at San Antonio found the locally sourced sand removed 94% total
suspended solids on average and 86% of volatile suspended solids on average, but no significant
differences in P between the influent and effluent (Zarezadeh et al., 2018).
The level of P in runoff considered to be environmentally harmful is 1 ppm (NRCS ) and
the goal concentration of P in the stock water in this study was 5 ppm. Due to limitations in the
precision of efficiently collecting exactly 40 gallons of water in the field, the stock ranged from
2.13 ppm to 6.91 ppm, with an average concentration of 4.67 ppm over the ten months of the
study. There were significant differences in the P concentration of the effluent of each treatment
over the course of the study. The engineered biochar treatment retained the most P consistently
over the course of the study finishing second only one month. In October 2019, engineered
biochar held 95.38% of the 3.48 ppm P stock water, just slightly below the 95.95% held by slag.
In the other nine months of the experiment engineered biochar outperformed the other two
materials at retaining P, with slag holding more P than sand in ten of ten months. With the
exception of the month of December, where the mean P concentration of each treatment
exceeded 1 ppm (biochar 1.048 ppm, EAF slag 1.268 ppm, sand 1.682), the effluent of the
engineered biochar never exceeded 0.202 ppm P, well within acceptable concentrations. EAF
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slag only slightly exceeded 1 ppm P in two months other than December, with a 1.076 ppm mean
P concentration effluent from 5.59 ppm stock water influent in January, and 1.086 ppm mean P
concentration from 5.15 ppm stock water in May. The sand treatment maintained effluent P
concentration below 1 ppm for the first three months of the trial but exceeded the 1 ppm
threshold for the following seven months, suggesting this particular sand may be effective as a
PSM, but only for a short period.
Analysis of the water retention data showed there to be statistically significant differences
between mean water retention between treatments (p<0.0005) in each month of the trial. The
engineered biochar mesocosms retained significantly more water after 16 hours of drainage than
sand and slag every month, averaging 2.44 gallons retained over ten months of data. The sand
mesocosms held significantly more water than the EAF slag each month after 16 hours of
drainage over ten months, averaging 1.44 gallons retained. EAF slag had the significantly lowest
mean water retention of the three treatments each month, averaging 1.20 gallons retained after 16
hours of drainage.
It comes as no surprise that engineered biochar retained the most water of the three
treatments due to its high porosity and surface area. Literature has shown that pyrolyzed yellow
pine biochar used as a soil amendment in loamy sand soil, which is prevalent in agricultural land
in the southeastern United States, raises the water holding capacity of this soil type, known to
have poor water holding capacity naturally. The 16% water holding capacity of unamended
sandy loam soil was doubled by adding 9% by mass of biochar. This data suggests that untreated
biochar may increase soil holding capacity enough to mitigate drought and increase crop yield in
sandy loam soil (Yu et al.). Field capacity is the measurement of the water remaining in a soil
after being thoroughly saturated and then allowed to drain freely for 24 to 48 hours. Course
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textured soils, especially sand, are higher in large pore space and drain more freely, resulting in
lower field capacity than finer textured soils. Loams, silt loams, and clays have smaller pore
spaces that do not drain as freely, resulting in higher field capacity (NRCS). Since the sand
mesocosms in this study contain a layer of topsoil and subsoil in addition to the sand filter layer,
it is not possible to accurately determine the field capacity of the sand alone. The engineered
biochar and EAF slag mesocosms contain the same amount of topsoil and subsoil as the sand
mesocosms, so the water retention capacity of each treatment type can be compared to each
other. Since the sand treatments have larger pore space than the engineered biochar and smaller
pore space than EAF slag, it retained less water than the biochar treatments each month and more
water than the slag each month, as expected. The particle size and resulting pore space of EAF
slag used as a P filter influences its ability to adsorb P. In a study comparing the effectiveness of
two different sizes of the same EAF slag at removing dissolved P under the same conditions, it
was found that the smaller grade slag (5-16mm) was more efficient at removing P (>98%) than
the larger grade slag (20-40mm, 92% removal). Decreasing the slag size increased the field
capacity of the slag, which also increased the duration of contact time between the slag and
solution. The increased residence time resulted in the removal of a higher percentage of
dissolved P (Barca et al. 2014).
5.6

Influence of results on wetland design
The goal of this research is to use the data collected from the mesocosm-scale experiment

investigating the P removal and water retention characteristics of engineered biochar, EAF slag,
and sand to propose a design concept for a field-scale constructed wetland for the removal of
dissolved P from pasture runoff. This is in following the main roles of research related to
landscape architecture, which is to influence the concept generation process, and to influence the
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application of the concept to the site. The increasing complexity between research and design is
an indication of landscape architecture adapting to address progressively more complex
problems that require more sophisticated solutions. Increasing societal demands for
environmental and social appropriateness drives the need for creative solutions, justification for
designs, and deeper understanding of the implications and functionality of those designs.
Designs that can be tied to an understanding of processes that are based on solid research data
give credibility to the designer and provide sound basis for the design (Milburn and Brown,
2003).
Establishing the physical characteristics of these potential PSMs are integral to
understanding how to use them in design. When considered as construction materials, they are
no different than other components landscape architects should be familiar with when proposing
design solutions, including concrete and masonry materials, metal and wood, fasteners, and plant
materials. Established landscape architectural design process remains the same when deciding
how to effectively implement these materials as PSMs. Identifying the design problem and
conducting thorough site inventory and analysis remain critical steps in the process. Designing
and implementing a constructed wetland for P removal requires determining the source, volume,
and concentration of P in the influent affecting the receiving waters in question. Understanding
the soil type(s), vegetation, and hydrology of the site are crucial to creating a design that
successfully remediates excess P in agricultural runoff. Evaluating the success and effectiveness
of the design after implementation is always important for the designer to understand if a project
has met the stated goals and whether there are opportunities for improving similar design work in
the future. This step is especially critical with filter wetlands when there are serious
environmental consequences at stake if the design does not perform as planned.
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Landscape architects engaged in designing a filter wetland utilizing the materials in this
study will have to consider the variations in different sites as determined by completing an
accurate inventory and analysis. An in-depth understanding of the site coupled with a working
knowledge of the relevant characteristics of the materials will determine the most effective
design to achieve the desired outcome. The data from this study establishes several “knowns”
about these materials. Engineered biochar was shown to be the most effective treatment at
removing P from solution (fig. 4.12.3) and retained the highest volume of water in relation to
volume of filter material (fig. 4.12.5). EAF slag also proved to be very effective at removing
dissolved P from solution (fig. 4.12.3) and was the filter treatment of the group which retained
the lowest volume of water per volume of filter material (fig. 4.12.5). Sand was between the
other treatments regarding water retention (fig. 4.12.5) but proved to be ineffective at P removal.
Samples from the sand mesocosms had an average mean concentration above the acceptable
threshold of 1 ppm P in the latter seven months of the ten month study (fig. 4.12.3), sand was
therefore not considered to be an acceptable material to consider in the proposed design.
This concept for this P-removal filter wetland is to use engineered biochar and EAF slag
in conjunction with each other, using their different water retention characteristics and P removal
capacities to retain runoff, release runoff, and effectively remove dissolved P from runoff,
preventing it from reaching surface waters and doing environmental harm. After site analysis
has determined the most effective placement for the filter wetland, the influent is directed to
enter the system through a layer of 4”-sized slag to absorb the energy of the incoming water,
slowing it down sufficiently to infiltrate, be absorbed, and treated, by the engineered biochar bed
in the forward bay of the filter system. The volume of engineered biochar is to be determined by
using data from the research indicating that the engineered biochar in this study retains
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>164.43g/yd3 and removes 94.99% P from solution. The design should provide an adequate
volume of engineered biochar to accommodate the expected P concentration and volume of the
runoff. The biochar component of the system is bounded by a check dam of large-sized slag,
transitioning into a bed of 5/8” EAF slag, as used in the mesocosms. The volume of the slag bed
in this section will also be determined by the data from this study, which found slag to retain
<56.70g/yd3 and to remove 87.34% P from solution. The 5/8” EAF slag bed will also be
bounded by a 4”-sized EAF slag check dam to absorb the energy and decrease the velocity of
effluent leaving the system and entering receiving waters. The entire system is to be covered in a
2” layer of topsoil and planted with rhizomatous grass. The grass will provide the added benefits
of removing sediment and contributing to P removal via uptake. The overall concept and goal of
the design may be summarized as follows: slow down influent entering the system with 4”-sized
EAF slag, which releases it into a high-retention engineered biochar bed for containment and to
begin P adsorption, allow overflow from biochar bed to pass through a check dam of 4” EAF
slag into a 5/8” EAF slag bed for further containment and P removal, direct overflow from
system through a final 4” slag check dam to slow velocity of treated effluent entering surface
water. The higher water retention capacity of the engineered biochar enables the system to catch
and hold the first flush of runoff, and the lower water retention capacity of the EAF slag allows
the water to exit the system more easily once full. Both materials effectively remove P from
solution the entire contact time.
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Figure 5.1

Section view of PSM filter wetland for P removal
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CHAPTER VI
CONCLUSION
This study successfully quantified the water retention capacity, P removal ability, and
plant response associated with engineered biochar, EAF slag, and sand over a 12-month period
with an outdoor mesocosm-scale experiment. Ten months of data were used for P analysis due
to the samples not being filtered in the first two months of the investigation, and ten months of
data were used for water retention analysis due to not being able to collect 16-hour drained
mesocosm weights for two months of the study. Plant response data was collected as plant
survival over the entire 12-month period.
The results were consistent and replicable each month, indicating that the methodology in
the field and the laboratory were also consistent and replicable each month. Engineered biochar
was established to remove the most P from solution over eight hours of sampling and to retain
the most water after 16-hour gravity drainage each month. EAF slag was determined to also be
effective at removing dissolved P from influent and retained the least amount of water after 16
hours of drainage. The sand mesocosms retained the second highest amount of water of the
three treatments over the course of the study, but sand was not effective at removing dissolved P
to below the acceptable concentration recommended for release into surface waters.
The data was used to propose a conceptual design for a treatment wetland using these
materials to remove dissolved P from runoff before entering adjacent surface waters and having
negative impacts on water quality and environmental health. Sand was excluded from
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consideration for the design due to its inability to remove P effectively beyond the first three
months of the research. The treatment wetland was designed to take advantage of the water
retention characteristics of the engineered biochar and EAF slag. The engineered biochar is
placed at the entrance of the system to retain and treat influent as it enters, and EAF slag is
located at the outflow portion of the system to continue adsorbing P from runoff while allowing
it to exit the system as it reaches capacity. The carpetgrass and Cherokee sedge both
demonstrated survivability when planted in a 2” topsoil layer over each of the three treatments
and have both been determined to be acceptable species for planting as a vegetative layer over a
filter wetland of this type.
Future research of this subject should include lengthening the duration of the
study to determine the effective lifespan of these materials before they become saturated with P
and require removal and replacement in the system. Laboratory studies have established
expected time frames for the useful duration of these materials, but a knowledge gap exists in
their performance in outdoor mesocosm and field-scale trials. Another important area for future
research is determining the feasibility and effectiveness of removing these materials from the
system once saturated with P and recycling and reusing them as P fertilizers, a technique that
would have great promise for addressing projected shortages of P in the future.
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APPENDIX A
PLANT RESPONSE PICTURES
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Figure A.1

Biochar-bucket 1

Figure A.2

Biochar-bucket 2
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Figure A.3

Biochar-bucket 3

Figure A.4

Biochar-bucket 5
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Figure A.5

Biochar-bucket 7

Figure A.6

Biochar-bucket 11
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Figure A.7

EAF slag-bucket 4

Figure A.8

EAF slag-bucket 6
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Figure A.9

EAF slag-bucket 8

Figure A.10 EAF slag-Bucket 12
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Figure A.11 EAF slag-bucket 15

Figure A.12 EAF slag-bucket 18
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Figure A.13 Sand-bucket 9

Figure A.14 Sand-bucket 10
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Figure A.15 Sand-bucket 13

Figure A.16 Sand-bucket 14
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Figure A.17 Sand-bucket 16

Figure A.18 Sand-bucket 17
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